In recent years, there have been an increasing number of genetic variants associated with athletic phenotypes. Here, we selected a set of sports-relevant polymorphisms that have been previously suggested as genetic markers for human physical performance, and we examined their association with athletic status in a large cohort of Brazilians. We evaluated a sample of 1,622 individuals, in which 966 were nonathletes, and 656 were athletes: 328 endurance athletes and 328 power athletes. Only the AGT M268T minor allele was nominally associated with the endurance status.
INTRODUCTION
Excellence in human physical performance is the consequence of complex environmental, biomechanical, and physiological interactions, including genotype-phenotype associations (Bouchard et al., 2011; Eynon et al., 2011) . The identification of genetic markers related to athletic performance, and consequently, the understanding of the genetic architecture of individuals with a greater predisposition to physical performance enhancement has been of great interest in recent decades. From 1998 to 2015, a total of 155 gene polymorphisms were suggested as markers associated with athletic performance (Ahmetov, Egorova, Gabdrakhmanova, & Fedotovskaya, 2016) . However, it is noteworthy that most of these association studies (∼80%) have not yet been replicated in independent samples (Ahmetov et al., 2016) . Since populations with different ethnic backgrounds might not share the same allele and genotype frequencies or require different environmental factors to expose the predisposition of an allele (Marian, 2012) , all polymorphisms reported in the literature should be replicated in different populations (Rankinen et al., 2016) .
Brazilians comprise one of the most heterogeneous populations in the world (Kehdy et al., 2015) and therefore provide an interesting population to investigate ethnic backgrounds and performance-related polymorphisms interaction. Its composition is the result of interethnic crosses between individuals from three continents: European settlers, African slaves, and Brazilian native Amerindians (Alves-Silva et al., 2000) . In addition, interbreeding patterns and internal migrations also contributed to a diverse and complex genomic composition; this unique history of the current Brazilian population formation contributes to a very particular combination of variants (Naslavsky et al., 2017) . Thus, the replication of associations found in European athletes in Brazilians would test the relevance of these polymorphisms in elite athletes from heterogeneous populations and provide additional information regarding the polymorphisms evaluated. To date, there has been limited replication of sportsrelevant polymorphisms in top-level athletes from Brazil (Pimenta et al., 2013; Voisin et al., 2016) . Recently, the polymorphism ACVR1B A/G (rs2854464), a potential marker for power athletes in Europeans (Windelinckx et al., 2011) , was shown not to be associated with this phenotype in a group of Brazilian athletes (Voisin et al., 2016) . These findings suggest that extrapolation of associations described from well-defined ethnic groups might not be directly applicable to heterogeneous populations.
Like other complex phenotypes, it is the combined influence of several genetic variants that is likely to better explain the genetic architecture of elite athletes (Eynon et al., 2011) . Genetic predisposition to a higher physical performance enhancement has been related to the number of associated (or favorable) alleles that the individual carries in their genome (Bouchard et al., 2011) . To date, the polygenic profile of Brazilian top-level athletes is still unknown. Therefore, the main goal of this study was to characterize the genotype distribution of a panel of sports-relevant polymorphisms in a large Brazilian cohort composed of endurance athletes, power athletes, and nontrained individuals (nonathletes). Here, we tested whether these polymorphisms can be considered genetic markers for endurance or power phenotypes in top-level athletes from Brazil.
MATERIALS AND METHODS

Study participants
The study cohort was composed of 1622 Brazilians: 966 nonathletes (563 men and 403 women; mean age ± SD: 35.1 ± 17.6 years) and 656 athletes (444 men and 212 women; mean age ± SD: 27.6 ± 10.5 years). Current and former Brazilian national team members were invited to participate in the study; thus, the athletes recruited are representative of the best national competitors in their sports discipline. The athletes were stratified into two groups, endurance or power, similar to that already conducted in other athlete cohorts . Briefly, subgroups of athletes were categorized based on the predominant metabolic demand imposed by training or competition, covering a spectrum from the more endurance oriented (i.e., athletes with predominantly aerobic energy production) to the more power oriented (i.e., athletes with predominantly anaerobic energy production). The endurance group comprised 328 athletes from the following sport disciplines: Road Cycling and Mountain Biking (n = 109), Running ≥ 1500 m (n = 52), Rowing (n = 87); Swimming ≥ 400 m (n = 19), and Triathlon (n = 61). The power group comprised 328 athletes from the following sport disciplines: Swimming ≤ 200 m (n = 90), Artistic Gymnastics (n = 14), Track and Field Jumping/Throwing (n = 59), Running 100-400 m (n = 93), Cycling < 2000 m (n = 21), Canoe Speed (n = 22), Weightlifting (n = 23), and Decathlon (n = 6). Nonathletes are representatives of the general population and were considered controls. To be considered as a nonathlete, the individual was required never to have been engaged in sports training or official competitions. This group was recruited from the same regions as participating athletes. All procedures adopted in this study were approved by the Research Ethics Committee of the School of Physical Education and Sport, University of Sao Paulo, Brazil, and were in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. Informed consent was obtained from all individual participants included in the study.
DNA extraction and genotyping
Genomic DNA was extracted from buccal epithelium cells by proteinase K (Life Technologies, Carlsbad, CA, USA) digestion followed by chloroform extraction and ethanol precipitation. DNA quantification and quality assessment were performed by spectrophotometry (Thermo Fisher Scientific, Waltham, MA, USA). The A260/A280 ratio was used to evaluate the quality of the sample; values between 1.7 and 2.1 were considered acceptable. Microtubes containing 50 ng/μL of purified DNA were prepared for subsequent genotyping.
Genetic markers were selected based on the relevance and consistency of associations previously described in the scientific literature. The selection was completed in January 2015, and a total of 23 polymorphisms in 20 genes were included in the study (Table 1 ), all of which had been associated with endurance/power phenotypes in at least one other cohort. In this study, the polymorphisms names were standardised based on the substitution that the polymorphism causes in the protein; for polymorphisms that occur in noncoding regions, the name was standardised based on the genomic alleles. Single nucleotide polymorphisms (SNPs) were selected preferentially. The only analyzed variant that was not an SNP was the ACE I/D polymorphism, which was genotyped by realtime PCR followed by melting curve analysis, according to the protocol proposed by Lin et al. (2001) . All other polymorphisms were determined using the OpenArray real-time PCR platform preloaded with TaqMan SNP Genotyping Assays (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's instructions. The following precautions were taken throughout the genotyping process: (1) all genotype plates contained blank samples, (2) nonathlete and athlete samples were distributed randomly within plates, (3) all genotyping processes were blind to the researchers (i.e., researchers were not able to identify the individuals being genotyped), and (4) random samples were genotyped independently using TaqMan Assays to confirm previous genotypes.
Statistical analysis
First, genotype frequencies were compared between genders using a chi-squared test (χ 2 ). In the absence of gender differences, men and women were analysed together. Subsequently, a χ 2 analysis was used to confirm if the control group for each polymorphism met Hardy-Weinberg equilibrium (HWE) expectations. The HWE formula (1 = p 2 + 2pq + q 2 ) was used to calculate expected genotype frequencies, which were then compared to the observed frequencies using a 1 degree of freedom χ 2 test (Gordish-Dressman & Devaney, 2011) . A departure from HWE was observed when χ 2 > 3.84 (i.e., P > 0.05).
A binary logistic regression analysis was used to evaluate the association between genotypes and athletic status. For all analyses, the homozygous individual for the most frequent genotype (1/1) was selected as the reference category. For each polymorphism, three genetic models were tested: codominant (1/1 vs. 1/2 vs. 2/2), dominant (1/1 vs. 1/2 + 2/2), and recessive (1/1 + 1/2 vs. 2/2), and the best genetic model was selected based on the minimum P-value (Voisin et al., 2014) . For comparisons of the endurance or power athletes against nonathletes, athletic status was encoded as a dummy variable, with nonathletes encoded as 0, and athletes encoded as 1. In the comparison between endurance and power athletes, the endurance athletes were encoded as 0, and the power athletes were encoded as 1. To evaluate the association between alleles and athletic status, a χ 2 test with 1 d.f. was used. Nominal statistical significance was established at α = 0.05. A false discovery rate was calculated to account for multiple tests (Benjamini & Hochberg, 1995) . For the false discovery rate, P-values calculated from individual tests performed on the same data were evaluated together with the desired level of significance (q = 0.05). P-values were sorted in ascending order, and then each observed Pvalue was divided by its percentile rank to obtain a corrected significance level (q*). All P-values less than q* (P< q*) were considered significant, and the corrected significance threshold was provided. Significant associations after adjustment for multiple comparisons have the lowest risk of being false positives.
Statistical analyses were performed using the SPSS software version 22.0 (IBM Corp., Armonk, NY, USA) and for graph constructions, GraphPad Prism version 6.01 (GraphPad Software, San Diego, CA, USA) were used.
RESULTS
The genotype frequencies of each polymorphism between men and women were not statistically significant, so the data were combined for subsequent analyses (Supporting Information). All genotype distribution in the nonathlete group were in HWE, except for IGF1R A/C and PPARA G/C. Because of this departure from HWE, these polymorphisms were removed from subsequent analyses.
Association analysis of DNA variants with elite athlete status
The genotype frequencies in the endurance group were very similar to the nonathlete group for all polymorphisms, except for a nominal association for the AGT M268T polymorphism ( Figure 1A) . Conversely, by comparing the power group with the nonathlete or endurance groups, a series of associations were identified ( Figure 1B and C). The following polymorphisms showed a different frequency in the power group compared with the nonathletes: MCT1 D490E, AGT M268T, PGC1A G482S, VEGFR2 Q472H, NOS3 C/T, and ACTN3 R577X. Of these, three polymorphisms also showed a different frequency in the power group compared with the endurance group (AGT M268T, VEGFR2 Q472H, and ACTN3 R577X). Additionally, the PPARG P12A showed a different frequency between the endurance and power groups. In particular, MCT1 D490E, NOS3 C/T, and ACTN3 R577X showed significant associations after the correction for multiple comparisons.
The genotype and allele frequencies of nonassociated polymorphisms are shown in Table 2 . The genotype frequencies of associated polymorphisms are shown in Table 3 . According to the association tests between genotypes and athletic status described in Table 3 , we can highlight the following findings for each variant:
The carriers of the MCT1 D490E minor allele (T/A + A/A genotypes) in comparison with the homozygous individuals for the major allele (T/T genotype) were less likely to belong to the power group rather than belong to the nonathlete group.
The carriers of the AGT M268T minor allele (G/A + A/A genotypes) had a greater likelihood of being an endurance athlete than carriers of the G/G genotype. In contrast, individuals with the A/A genotype, compared with the carriers of the major allele (G/G + G/A genotypes), were less likely to belong to the power group rather than belong to the nonathlete or endurance group.
The carriers of the PPARG P12A minor allele (C/G + G/G genotypes) in comparison with the homozygous individuals for the major allele (C/C genotype) were less likely to belong to the power group rather than belong to the endurance group. More specifically, presence of the C/G genotype rather than C/C decreased the chance of belonging to the power group.
The carriers of the VEGFR2 Q472H minor allele (T/A + A/A genotypes) in comparison with the homozygous individuals for the major allele (T/T genotype) were less likely to belong to the power group rather than belong to the nonathlete or endurance group. More specifically, presence of the T/A genotype rather than T/T decreased the chance of belonging to the power group over the non-athlete or endurance group. 
T A B L E 4
Allele frequency of significant polymorphisms in the study groups: nonathletes (CTR), endurance athletes (END), and power athletes Values in bold refer to polymorphisms that remained significant following correction for multiple comparisons.
The carriers of the ACTN3 R577X minor allele (C/T + T/T genotypes) in comparison with the homozygous individuals for the major allele (C/C genotype) were less likely to belong to the power group rather than belong to the nonathlete or endurance group. Furthermore, a codominant effect was observed: heterozygous individuals or homozygous for the minor allele were less likely to belong to the power group.
For the PGC1A G482S and NOS3 C/T polymorphisms, the carriers of the minor allele (C/T + T/T and T/C + C/C genotypes, respectively) in comparison with the homozygous individuals for the major allele (C/C and T/T genotype, respectively) were less likely to belong to the power group rather than belong to the nonathlete group.
The allele frequencies of associated polymorphisms are shown in Table 4 . By comparing the power and nonathlete groups, for all polymorphisms that showed association between genotypes and athletic status, an association was also observed for alleles, except for the AGT M268T (P = 0.118) and PGC1A G482S (P = 0.053). Higher frequencies of the major allele were observed in the power group compared to the nonathletes. By comparing the endurance and power groups, the frequency of the major allele for the AGT M268T and ACTN3 R577X was also higher in the power group. In particular, MCT1 D490E and ACTN3 R577X showed stronger associations and maintained significant associations after the correction for multiple comparisons.
DISCUSSION
This study was designed to evaluate the degree of influence of sports-relevant polymorphisms for athletic status in Brazilians-a heterogeneous and underexplored population. We evaluated a panel of polymorphisms that have previously been identified as genetic markers associated with the elite athlete phenotype in other populations, mainly European cohorts (Ahmetov & Fedotovskaya, 2015) . More specifically, these polymorphisms may be associated with endurance and/or power phenotypes (Peplonska et al., 2017) . A total of seven gene variants exhibited a higher frequency in power athletes. The degree of influence varied for each relevant polymorphism. Some of these polymorphisms are characterized by a tiny effect size and nominal significance. However, because the sum of common genetic variants with small to moderate effect size is part of a favorable genetic architecture (Bouchard et al., 2011) , all polymorphisms that reached nominal significance is discussed below.
To date, only young and professional Brazilian soccer players had been evaluated for some sports-relevant polymorphisms (Pimenta et al., 2013 , Dionisio et al., 2017 . These studies have suggested that carriers of the ACTN3 R577X major allele presented better results during explosive tests (jump and sprint tests). The R577X polymorphism in the ACTN3 gene, which encodes for the sarcomeric protein α-actinin-3, has been well studied in the field of sports genetics and has shown consistency across multiple cohorts, especially when considering the association with power athletes (Eynon et al., 2013) . In a meta-analysis published in 2013, strong evidence for the association between the C allele (also known as R allele) and power phenotype was presented (Ma et al., 2013) . For instance, the association with the power group had an odds ratio of 1.21 (95% CI: 1.03-1.42) when evaluated using a dominant model (R/R vs. R/X + X/X) and an odds ratio of 1.55 (95% CI: 1.21-1.98) from the recessive model (R/R + R/X vs. X/X). However, in this meta-analysis was reported that there is a limited number of publications in Americans (Ma et al., 2013) . Therefore, the results of the present study confirmed a strong association between the R allele and the power athletic status in Brazilians. Here, a group composed by diverse Brazilian experts in power sports was evaluated, and according to the literature, these athletes are more likely to be effective in explosive muscle contractions, such as sprint performance (Papadimitriou et al., 2016) .
Likewise, two other polymorphisms exhibited in Brazilian power athletes had the same associations reported in the literature for other cohorts: the M268T polymorphism in the AGT gene, which encodes for the angiotensinogen (a key component of the renin-angiotensin system), and the C/T polymorphism in the NOS3 gene, which encodes for the enzyme endothelial nitric oxide synthase. While the AGT M268T A allele was more frequent in the endurance group and increased the probability of being an endurance athlete, the G allele, especially the G/G genotype, increased the likelihood of being a power athlete. This result is in agreement to other findings in power athletes from Spain (Gomez-Gallego et al., 2009b) and Poland . For the NOS3 C/T polymorphism, we observed an increase in the frequency of the T/T genotype in the power group compared to the non-athletes. These findings were similar to that reported in a Spanish cohort (Gomez-Gallego et al., 2009a) , although of a lower magnitude. While the Spanish power group (n = 53) exhibited an increase of approximately 23% in the T/T genotype, the Brazilian power group exhibited an increase of approximately 7%. The ethnicity and sample size might explain, at least in part, the existing difference between studies.
The C/T polymorphism in the VEGFR (or KDR) gene, which encodes for the vascular endothelial growth factor receptor 2, exhibited an inverse association to that reported in the literature from other cohorts. For the VEGFR2 Q472H polymorphism, a higher frequency of the minor allele was observed in endurance athletes from a Russian cohort (Ahmetov et al., 2009) . Moreover, physically active male carriers of the minor allele had significantly higher percentages of slow-twitch fibers than did individuals homozygous for the major allele (Ahmetov et al., 2009) . In contrast, we observe an increase in the frequency of homozygotes for the major allele (T/T genotype), in the power group. Interestingly, while the ACTN3 gene encodes a structural component of the musculoskeletal apparatus, the AGT, NOS3, and VEGFR2 genes are involved in the control of blood flow and angiogenic factors. Nevertheless, we still do not know exactly how these variants affect gene function. For instance, in a study assessing healthy French individuals, the homozygous individuals for the AGT M268T minor allele have an increase on the plasma AGT concentration (Brand et al., 2002) .
One of the most significant polymorphism in this study was the D490E polymorphism in the MCT1 (or SLC16A1) gene, which encodes for the monocarboxylate transporter 1 (a sarcolemmal lactate/proton cotransporter). In a study assessing Russian athletes, the frequency of the MCT1 D490E major allele and homozygous genotype for the major allele was higher in rowers (classified as endurance athletes), compared to the nonathlete group (Fedotovskaya, Mustafina, Popov, Vinogradova, & Ahmetov, 2014) . Conversely, in a Polish cohort, power athletes were more likely than nonathletes or endurance athletes to carry the minor allele (Sawczuk et al., 2015) . In Brazilians, we observed an increase in the frequency of homozygotes for the major allele (T/T genotype) in the power group. Similarly, in a recent study of Japanese athletes, the frequency of the homozygous genotype for the major allele was higher in wrestlers (classified as power athletes) compared to the nonathlete group (Kikuchi et al., 2016) . Nevertheless, combat sports involve both anaerobic and aerobic energy systems (Chaabene et al., 2017) . It was suggested that this polymorphism is able to influence the lactate transport across sarcolemma (Cupeiro et al., 2016) . The higher lactate values observed in individuals carrying the minor allele could reflect decreased efficiency of the MCT1 gene (Fedotovskaya et al., 2014; Kikuchi et al., 2016) . In Brazilians, this decreased efficiency could be, at least in part, detrimental to power athletes.
Another polymorphism that exhibited an association that differed from those reported in the literature for other cohorts was the G482S polymorphism in the PGC1A (or PPARGC1A) gene, which encodes for the peroxisome proliferator-activated receptor gamma coactivator 1 alpha (a key regulator of mitochondrial biogenesis and cellular energy metabolism). Previous studies have reported a higher frequency of the major allele in endurance athletes from Spain (Lucia et al., 2005) , Israel (Eynon et al., 2010) , Russia and Poland (Maciejewska, Sawczuk, Cieszczyk, Mozhayskaya, & Ahmetov, 2012) . However, we observed an increased frequency of homozygotes for the major allele (C/C genotype), in the power group.
On the other hand, no association of this polymorphism with athletic performance was observed in studies of Chinese (He et al., 2008) and Polish (Peplonska et al., 2017) cohorts. Similarly, the P12A polymorphism in the PPARG gene, which encodes a member of the peroxisome proliferator-activated receptor subfamily of nuclear receptors, also showed an association that differed from those reported in the literature for other cohorts (Ahmetov, Mozhayskaya, Lyubaeva, Vinogradova, & Rogozkin, 2008; Maciejewska-Karlowska, Sawczuk, Cieszczyk, Zarebska, & Sawczyn, 2013) , but only when comparing the athlete groups (i.e., the polymorphism was not associated with athletic status when comparing the power and nonathlete groups). Possible explanations for inconsistent results may be differences in methodological and statistical approaches, environmental interactions, or ethnic backgrounds (Yvert et al., 2016) .
Genotype frequencies and haplotype networks may differ between populations with distinguished ethnic backgrounds (Marian, 2012) . Recently, in an assessment of a Japanese cohort, a total of 21 sports-relevant polymorphisms were evaluated in power or endurance athletes , Yvert et al., 2016 . Of the 21 polymorphisms evaluated, only three showed a nominal association with the power group , and only two showed a nominal association with the endurance group (Yvert et al., 2016) . Moreover, it was found that 12 of the 21 polymorphisms had the opposite direction of effect when comparing the power and nonathlete groups, which may be explained by the known differences between different ethnic groups . Here, a greater number of polymorphisms showed an association that is in line with the designations for Caucasian Europeans. This is not surprising, since it was showed that European ancestry is predominant in Brazilians, with proportion ranging from 60.6% in the Northeast to 77.7% in the South (Pena et al., 2011) . However, there are associations that differed from those reported for other cohorts, which could be explained by unique characteristics of Brazilians as a heterogeneous population (Naslavsky et al., 2017) .
The power group was more easily distinguished using the genetic markers evaluated, especially under a dominant model. On the other hand, the endurance group was more difficult to characterize with the panel of polymorphisms evaluated in this study. It was expected that some variants, such as the ACE I/D I allele, would be more frequent in endurance athletes (Ahmetov & Fedotovskaya, 2015) . However, while the CNTF A/G polymorphism showed a tendency for a nominal association (0.05 < P < 0.06), only the AGT M268T was nominally associated with the endurance phenotype. It is possible that the polymorphisms evaluated in this study are not relevant for Brazilian endurance athletes or we can assume the premise that there are few high-level endurance athletes in the Brazilian cohort. Thus, the limited number of high-level athletes-an inherent study limitation-may have hampered a more accurate genetic analysis (Eynon et al., 2011) . However, a recent effort was established in order to identify a global pattern of variants associated with the endurance phenotype (Rankinen et al., 2016) . After the discovery phase, a total of 45 polymorphisms were used in replication cohorts. Although several nominal associations have been found, only one polymorphism showed the same direction of association in all eight cohorts evaluated. This study points out a certain difficulty in genetically characterize the elite endurance athlete across multiple cohorts.
In conclusion, the findings of this study point out a role for some common polymorphisms in the achievement of power athletic status. Of the polymorphisms evaluated in this study, the following were most frequent in Brazilian power athletes: MCT1 D490E (T allele carriers), AGT M268T (G allele carriers), PPARG P12A (C allele carriers), PGC1A G482S (C allele carriers), VEGFR2 Q472H (T allele carriers), NOS3 C/T (T allele carriers), and ACTN3 R577X (R allele carriers). For all polymorphisms, the carriers of the major allele are more likely to be a power athlete. On the other hand, the endurance group was more difficult to characterize with the panel of polymorphisms evaluated in this study. Only the AGT M268T (A allele carriers) was associated with the endurance phenotype. Although this study analyzed a set of polymorphisms, the genetic architecture of complex traits, such as athletic performance, includes a large number of other unknown variants and numerous environmental factors. Thus, it is noteworthy that it is too early to use these polymorphisms for talent detection or to plan the training session.
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